Employing polymer blending method, conductive materials are mixed with waterborne polyurethane (WPU) to prepare conductive composite film, and applies it to electromagnetic shielding. Conductive materials, such as carbon fiber, nickel (Ni) nanoparticles and multiwalled carbon nanotubes are added to WPU substrate by a polymer blending method. After that, conductive composite film is prepared by means of coating. Since a conductive network is formed by the conductive material in this film, it has electromagnetic shielding effectiveness. The study applies ASTM 4935-99 standards to measure the far-field plane electromagnetic shielding effectiveness of the prepared conductive composite film within the inspection frequency range 50 MHz$1.5 GHz. According to the experimental results, when the inspection frequency of the conductive composite film prepared by carbon fiber/Ni nanoparticles is 1000 MHz, its shielding effectiveness can reach 28 dB. Furthermore, when the composite film prepared by carbon fiber/carbon nanotube is 0.15 mm thick, its electromagnetic shielding effectiveness reaches 33.7 dB, and its shielding effect is 99.9%.
Introduction
With the increased use of 3C electronic products their electromagnetic radiation could cause disturbances in electric equipment, if these high-density electromagnetic waves are not screened effectively. Therefore, the pollution of electromagnetic radiation has become another environmental public hazard that should be mitigated. 1) Highly conductive metal materials are the best shielding materials for reflecting and absorbing electromagnetic waves. But, they can be heavy, difficult to process, expensive and have a tendency to corrode. In contrast, light weight and anticorrosive properties of polymer materials are extremely suitable for electronic equipment. However, most current polymer materials are not conductive and have no electromagnetic shielding effectiveness. Therefore, adding conductive filling to polymer material or improving the nature of polymer material can increase the load transfer ability, so that the material can rapidly conduct a load and provide the shielding ability against electromagnetic waves.
2) After conductive filling material is added to polymer substrate and evenly mixed, the composite material would provide both shielding and conduction of electromagnetic waves. 3, 4) The common conductive fillings are copper powder, aluminum powder, carbon black, graphite, carbon fibers and carbon nanotubes. Among these filings, the addition of long carbon fiber shaped conductive filling to polymer substrate can easily form a conductive network, raise the conductivity of polymer substrate, and increase the effect of electromagnetic shielding effectiveness.
5) Das adopted single-wall carbon nanonatubes (SWCNT) as conductive filling materials to combine with Ethylene Vinyl Acetate (EVA) resin to prepare for conductive composite materials. Results show that composite film fabricated by SWCNT with 6 mass% at the frequency range of 200 MHz$2000 MHz can reach average shielding effectiveness around 24 dB. 6) In addition, Wang employed graphite, carbon black and multi-wall carbon nanotubes (MWCNT) to prepare for conductive films. Results show that films fabricated by 15 mass% MWCNT, within 15 MHz-1000 MHz, electromagnetic shielding effectiveness can reach about 20$36 dB. 7) Huang used carbon fiber (CF) with diameter of 7 mm, coated with NiP film and processed heating treatment at 600 C and combine with Acrylonitrile Butadiene Styrene (ABS) substrate to fabricate composite materials. Results show that the surface of CF coated with NiP film can greatly lower the resistance of filling materials to increase the electromagnetic shielding effectiveness of composite materials. 8) Waterborne Polyurethane (WPU) has the properties of soft, wear-resistant and corrosion-resistant. Additionally, WPU contains small amount of organic solvent and thus, does very little harm to environment. Conductive polymer composite films, fabricated by carbon fiber, Ni nanoparticles and multi-wall carbon nanotubes can effectively fill the vacancies for conductive network and make the conductive network more compact than that of prepared by single filling conductive materials and further, increase electromagnetic shielding effectiveness due to different shapes of these conductive filling materials. Employing a polymer blending method, the paper mixes various conductive materials, including the carbon fiber, nickel (Ni) nanoparticles and carbon nanotubes in waterborne polyurethane (WPU) to prepare composite materials that provide electromagnetic shielding.
Experimental Details
The polymers used in this experiment are WPU and thickener (with the trade names HUD-810 and HUD-400 respectively, which are made and provided by Headway Advanced Materials Inc., Taiwan).
A PAN-based carbon fiber yarn (Toray T700SC, Japan) consisting of 12000 monofilaments (diameter 7 mm, density 1.8 g/cm 3 , tensile strength 4900 MPa, modulus 230 GPa) is used as both conductive filler and reinforcing agent. In addition, the multi-wall carbon nanotubes (with the trade name QF-MCNTs-30 and manufactured by Yong-Zhen Technomaterial Co., Ltd.) used in this study are 10-30 nm in diameter, 10-15 mm in length, at conductivity 10 À4 s/cm, at density 0.06-0.91 g/cm 3 , and is prepared by chemical vapor deposition (CVD). In addition, this study used the selfdeveloped arc spray nanofluid synthesis system (ASNSS) with complex ultrasonic orthogonal vibration and vortex stirring to fabricate Ni nanoparticles. The experimental devices mainly included an electrical power utility, a servopositioning system, a vacuum chamber, a vacuum pump, a heating source, a cooling system, an ultrasonic vibrator, a vortex stirring device and a pressure control unit. 9, 10) The main process parameters were vacuum pressure, 30 torr; peak current, 5 A; pulse-on and pulse-off time, 8 ms; ultrasonic frequency, 21 kHz; and breakdown voltage, 220 V. The Ni nanoparticles thus produced have a mean particle size of around 25 nm and specific surface area of 40-60 m 2 /g. First of all, an appropriate amount of filling and deionized water are mixed in the WPU solution and stirred for 30 min. Since the viscosity of the WPU composite solution can affect the formation of composite film and the consistency of film thickness, an appropriate amount of thickener is added while stirring to adjust the solution viscosity, and maintain the consistency of the composite film thickness. When the viscosity of WPU composite solution is controlled to a suitable value, a coating rod is subsequently used to coat the well-stirred WPU composite solution onto a piece of release paper. After the paper is air-dried at room temperature for 24 h, it is placed in an oven at 70 C for two hours to let the water content evaporate thoroughly. After drying and solidifying, a composite film is formed, which is removed from the release paper, forming a WPU composite film with thickness around 0.15 mm.
The SE of the composites is analyzed by a method using coaxial cable. Designed according to ASTM D4935-99 Standard, this coaxial method is applicable to far-field measurement.
11) The measuring instrument is composed of two parts: network analyzer (Agilent 8753C) and sample holder, and signals are transmitted by coaxial cable line. The frequency is scanned within the range of 50 MHz$1.5 GHz with 30 data points both in reflection and transmission. The SE is defined as the ratio of transmitted power (P t ) to incident power (P i ), and it is measured in decibels (dB) as follows:
Results and Discussion
In preparing process the composite film, in order to control the thickness consistency of the composite film, reduce the generation of air bubbles and achieve even distribution of filling material, the WPU solution has to be controlled at a suitable viscosity. Since the viscosity of the original WPU solution is almost zero, it is not suitable for film forming, and so an appropriate amount of thickener is added to increase the viscosity of the WPU composite solution and help form the film. Figure 1 shows the viscosity change of WPU composite solution when the weight concentration of the additive of thickener is in the range 0:05$0:5 mass%. After experimental results are acquired for several times, when the added amount of thickener is 0.28 mass%, the viscosity of WPU composite solution is around 3500 mPaÁs. At this viscosity, when the film is prepared and the filling is dispersed in the thick liquid of the film, the forming of film and the thickness of film can be better controlled. Therefore, when this study prepares WPU composite films, the proportions of the additive of thickener are different according to the different amounts of the added filling material. As a result, the viscosity of WPU composite solution can be maintained at 3500 mPaÁs.
The present work studies the relationship of change between the measured surface resistance of composite film and the filling amount of carbon fiber (Fig. 2) . In Fig. 2 , the added amounts of carbon fiber are 9.0, 13.0, 16.6, 23.0, 28.5 and 33.3 mass%. As can be seen from Fig. 2 , when the filling amount of carbon fiber is 16 mass%, the resistance of composite film is reduced to 2:35 Â 10 4 /cm 2 . Since the filling amount of carbon fiber increases the conductive network in the composite film, the conductivity of the composite film rises drastically. When the filling amount of carbon fiber is 23.0 mass%, the resistance of the composite film even falls to 2:08 Â 10 2 /cm 2 . If the filling amount of carbon fiber rises continuously to 33.3 mass%, the resistance of the composite film falls to 1:18 Â 10 2 /cm 2 . During this time, the conductivity rise of the composite film gradually decreases, and the filling material inside the composite film can form a complete conductive network. As the above analysis shows when the WPU composite solution reaches the percolation threshold of the WPU composite solution, the filling amount of carbon fiber is around 13 mass%.
In order to promote the conductivity of WPU composite film, three materials-carbon fiber (CF), nickel (Ni) nanoparticles and carbon nanotubes (CNT) are mixed together to form two groups of composite filling materials, carbon fiber/ Ni nanoparticles and carbon fiber/carbon nanotubes. In both, the mass fraction of the added amount of carbon fiber is 9:0$33:3 mass%, and the mass fraction of the added amount of both Ni nanoparticles and carbon nanotubes is fixed at 13.0 mass%. Figure 3 shows the relationship of change between the mass fraction of the filling amount of composite filling material and the surface resistance of composite film. As shown from the figure, when the filling materials are the composite films formed by mixing 9.0 mass% of carbon fiber with 13.0 mass% of Ni nanoparticles and 13.0 mass% of carbon nanotubes respectively, then the surface resistance of the two films is 2:14 Â 10 9 ohm/square and 2:12 Â 10 4 ohm/ square respectively. These two values are both substantially lower than the surface resistance 6:26 Â 10 9 ohm/square of the composite film formed by filling with only 9.0 mass% of carbon fiber. When the filling amount of carbon fiber is increased to 33.3 mass%, the surface resistance of the two groups of composite films are 8:2 Â 10 1 ohm/square and 6:1 Â 10 1 ohm/square respectively. These experimental results show that when higher proportion of nanoscale filling material is added to WPU composite film, the surface resistance of composite film is reduced due to the strengthened tunneling effect of thin film and the formation of denser conductive networks.
After the carbon fiber with mass fraction range of 9$33:3 mass% is added to the WPU composite solution, carbon fiber composite films with consistent thickness of around 0.15 mm can be prepared. After testing the electromagnetic shielding effectiveness of the composite films with different filling proportions at 50 MHz$1.5 GHz, the experimental results are shown in Fig. 4 . This figure indicates that the electromagnetic shielding effectiveness of the carbon fiber composite film rises with the increased amount of carbon fiber. Table 1 shows the various mass fractions of filling amount of the composite filling material and the average shielding effectiveness value of the two groups of prepared WPU composite films, including the carbon fiber/Ni nanoparticles and the carbon fiber/carbon nanotubes. Figure 5 shows the electromagnetic shielding effectiveness of the two groups of WPU composite films, including the carbon fiber/Ni nanoparticles and the carbon fiber/carbon nanotubes prepared when the mass fractions of the added amount of carbon fiber is 9$33:3 mass%, and when the mass fraction of the added amount of both Ni nanoparticles and carbon nanotubes is Electromagnetic Shielding by Composite Films Prepared with Carbon Fiber, Ni Nanoparticles, and Multi-Walled Carbon Nanotubesfixed at 13 mass%. As Fig. 5 shows that the WPU composite film prepared by taking carbon fiber/carbon nanotubes as the filling materials has better electromagnetic shielding effectiveness than that of the WPU composite film prepared by taking carbon fiber/Ni nanoparticles as the filling materials.
Since the aspect ratio of carbon nanotubes is far greater than that of Ni nanoparticles, when carbon nanotubes are filled inside the WPU composite film, carbon nanotubes are able to contact carbon fibers more easily to form a conductive network, leading to the drastic rise of conductivity of composite film and the reduction of surface resistance of composite film. It can be seen from Fig. 5(a) that when the inspection frequency of the composite film prepared by carbon fiber/Ni nanoparticles (U6) is 1000 MHz, its electromagnetic shielding effectiveness can reach 28 dB. Furthermore, as indicated in Fig. 5(b) , when the frequency is 1000 MHz, the electromagnetic shielding effectiveness of the composite film prepared with carbon fiber/carbon nanotubes (M6) is as high as 33.7 dB, and the shielding effect is 99.9%. Besides, as shown in Fig. 4 and Fig. 5 , the values of electromagnetic shielding effectiveness of the composite film prepared by composite filling materials are far higher than the composite film prepared by filling carbon fiber only. This is because when the composite filling material is in the composite film, since the shapes of two filling powder is different; the filled conductive nanopowder just fills up the vacancy of conductive network formed by carbon fiber. As a result, its conductive networks are more complete and denser than the composite film prepared using only carbon fiber as the filling material. In addition, the distance of electronic transmission can be shortened, which greater increase the electromagnetic shielding effectiveness of this kind of composite film prepared by composite filling materials.
Compared with above-mentioned literatures, conductive polymer composite films in this study, with the thickness of 0.15 mm can reach the excellent electromagnetic shielding effectiveness and correspond to the design of shortness, slimness and smallness. Besides, fabrication procedures in this study are simple and without extra surface treatment to conductive filling materials and therefore, to achieve good effects. Results show that the frequency range within 50 MHz$1.5 GHz, shielding effectiveness of conductive polymer composite films reveal well and will not vary with frequency to make shielding effectiveness decline.
Conclusions
This study mixes waterborne polyurethane (WPU) polymer material with three kinds of conductive materials at different proportions to prepare two groups of WPU composite films. Analysis of viscosity and tests of surface resistance and shielding effectiveness indicates the following conclusions:
(1) In order to improve the dispersion of filling material, reduce the generation of air bubbles in composite solution, and prepare WPU composite films with the same thickness, it is necessary to adjust the viscosity of WPU solution and maintain it at 3500 mPaÁs. (2) The added conductive nanopowder can fill up vacancies of conductive network formed by carbon fiber. Therefore, both the surface resistance and electromagnetic shielding effectiveness of the WPU composite films prepared by composite filling materials are better than the composite films prepared with carbon fiber only. (3) When the filling materials in the WPU composite solution are CF 33.3 mass% + CNT 13.0 mass%, under the frequency condition of 1000 MHz, the electromagnetic shielding effectiveness of the composite film prepared to be 0.15 mm thick is as high as 33.7 dB, and the shielding effect is 99.9%. (4) Using WPU as polymer substrate to fabricate conductive polymer composite films is easier and causes little pollution to environment. In addition, the electromagnetic shielding effectiveness can reveal well within the frequency range of 50 MHz$1.5 GHz. 
